Composite Higgs models with anarchic partial compositeness require a scale of new physics O(10 − 100) TeV, with the bounds being dominated by the dipole moments and ǫ K . The presence of anarchic bilinear interactions can change this picture. We show a solution to the SM flavor puzzle where the electron and the Right-handed quarks of the first generation have negligible linear interactions, and the bilinear interactions account for most of their masses, whereas the other chiral fermions follow a similar pattern to anarchic partial compositeness. We compute the bounds from flavor and CP violation and show that neutron and electron dipole moments, as well as ǫ K and µ → eγ, are compatible with a new physics scale below the TeV. ∆F = 2 operators involving Left-handed quarks and ∆F = 1 operators with d L give the most stringent bounds in this scenario. Their Wilson coefficients have the same origin as in anarchic partial compositeness, requiring the masses of the new states to be larger than O(6 − 7) TeV.
Introduction
Composite Higgs models where the Higgs arises as a resonance of a strongly coupled field theory (SCFT) at the TeV scale offer a very interesting solution to the hierarchy problem. The realization of flavor in these models is very different from the Standard Model (SM). One of the most attractive ideas in this context has been anarchic partial compositeness, where the SM fermions have linear interactions with operators of the SCFT, generating at low energies mixing with the fermionic resonances and masses for the SM fermions [1] . Although the SCFT is flavor anarchic, the mixings can be hierarchical if the scale Λ U V,ψ at which the interactions are generated is much larger than the TeV and the operators interacting linearly with the SM fermions have different anomalous dimensions. A very attractive feature of partial compositeness is that the hierarchical mixing can simultaneously reproduce the hierarchical spectrum of SM fermions as well as the angles of the CKM matrix. Moreover, flavor violating processes are suppressed by the same small mixings, leading to non-generic Wilson coefficients of flavor violating higher-dimensional operators [2, 3, 4, 5, 6] . Although this mechanism is enough to satisfy most of the bounds, ǫ K requires the scale of resonances m ρ O(10) TeV, whereas µ → eγ, as well as the electron and neutron dipole moments require m ρ /g ρ O(5 − 40) TeV, where g ρ is the coupling between resonances [7, 8, 9] . These bounds generate a problem of fine-tuning of the electroweak (EW) scale.
There are several interesting alternatives in the literature. One example corresponds to the introduction of flavor symmetries in the SCFT [10, 11, 12, 13, 14, 15] , as well as full compositeness of the Left-or Right-handed SM quarks [14] . In these models the only nontrivial flavor structure is proportional to the SM Yukawa coupling, thus bounds from flavor violation can be satisfied with m ρ ∼ TeV. Besides the fact that in this case the idea of anarchy is abandoned, a new problem emerges: if the light quarks are fully composite, 4-fermion operators are only suppressed by the TeV scale, inducing deviations in dijet production at LHC that have not been observed [16] . The authors of Ref. [17] have proposed a symmetry to supress the main contributions to ǫ K in anarchic partial compositeness, however Ref. [18] has shown that the suppression is spoiled once quark masses are taken into account. Ref. [19] has provided a completion of the set-up of [17] , discussing to which extent the bounds from ǫ K can be alleviated, and showing that dipole operators can be suppressed.
In most of the analysis of models with partial compositeness, bilinear interactions of the SM fermions with the SCFT have been neglected. One of the main reasons for this being that their effect is considered very small, due to the large anomalous dimension of the Higgs operator O H 1 and the huge separation between the TeV scale and the scale Λ U V,H at which the bilinear interactions are generated. In this paper we want to pursue the idea of flavor anarchy by adding, to the usual scenario of anarchic partial compositeness, the effect of bilinear interactions with couplings that are anarchic at the scale Λ U V,H . As is well known, anarchic bilinear interactions by their own can not solve the flavor puzzle of the SM. However, they can provide masses to the light fermions, as those of the first generation, and, when combined with linear interactions, they offer new possibilities for flavor [21] . In particular, since the most stringent bounds in anarchic partial compositeness arise from processes involving the fermions of the first generation, taking some chiralities of these fermions mostly elementary those bounds can be relaxed. We will show a solution where, in an anarchic SCFT, the interplay of linear and bilinear interactions can lead to a realistic model, and the most stringent bounds can be alleviated.
Some recent works have also considered the presence of bilinear interactions, as Ref. [22] that has briefly discussed them in scenarios with flavor symmetries, and Refs. [23, 24] . However the UV scales and the spectrum of resonances of these models, as well as the parametric dependence of the bounds, are different from the approach that we propose here. Ref. [21] considered the presence of linear and bilinear interactions for the lepton sector, although the authors did not discuss the bounds from flavor observables.
The paper is organized as follows: in sec. 2 we describe a model containing linear and bilinear interactions of the SM fermions with operators of a flavor anarchic SCFT. We show a solution that leads to the hierarchies of the SM fermion masses and to the pattern of mixing in the quark and lepton sectors. In sec. 3 we compute the contributions to the Wilson coefficients of the operators that provide the main sources of flavor and CP violation. We compare the bounds with the case of anarchic partial compositeness and show how some of the most stringent bounds can be alleviated. Our conclusions are in sec. 4. In the Appendices A and B we consider effective models of a composite Higgs. In Ap. A we present a minimal model, described in terms of a two-site theory, with a composite Higgs and set of fermionic and spin 1 resonances. In Ap. B we consider a pseudo Nambu-Goldstone boson (pNGB) Higgs arising from SO(5)/SO(4), with a set of fermionic resonances. In both cases we compute the Wilson coefficients of the operators of sec. 3.
Flavor with linear and bilinear couplings
We consider a theory that contains a flavorful strongly interacting sector that confines and generates resonances with masses m ρ ∼ few TeV. As we specify below, the flavor structure of the SCFT is assumed to be anarchic. The strong dynamics also produces a light spinless state, that can be identified with the Higgs boson.
2 There is also an elementary sector, external to the SCFT, containing the SM fermions. The SM gauge bosons are also elementary, and weakly gauge a subgroup of the global symmetry of the SCFT.
We assume that at the high scale Λ U V,H ≫ m ρ the SM quarks couple bilinearly to an operator O H , that is the SCFT operator with lowest dimension that at low energies can create a Higgs:
where ∆ H is the scaling dimension of O H in energy units, and j, k label generations. In
Technicolor O H is an operator bilinear in techniquarks, with ∆ H ≃ 3. In the present scenario we do not need to specify the content of O H , besides ∆ H and Λ U V,H are taken as free parameters. Anarchy dictates that the couplings at the UV scale: ω jk ψ (Λ U V,ψ ), have no structure at all, thus all the coefficients of these matrices are of the same order. Besides the interactions of Eq. (1), at the scale Λ U V,H higher dimensional operators providing sources of flavor and CP violation can also be generated. As we will discuss in sec. 3, to avoid unacceptably large corrections, Λ U V,H has to be taken larger than O(10 5 ) TeV [20] .
We also assume that at a scale Λ U V,ψ ≫ m ρ the SM quarks couple linearly to operators of
where ∆ ψ is the scaling dimension of O ψ . We assume that Λ U V,ψ is the same for all the SM quarks, it does not need to be equal to Λ U V,H , although a priori there is no need to take them different. ∆ ψ can take different values for the different flavors and generations. As for the bilinear couplings, in the anarchic scenario there is no flavor structure for the linear couplings at the scale Λ U V,ψ , therefore all the coefficients of ω ψ (Λ U V,ψ ) are of the same order. For simplicity we assume that each SM fermion have linear interactions with just one operator of the SCFT.
At low energies the composite operators O ψ create fermionic resonances. We assume that the masses of the lowest lying level of resonances are of the same order, m ρ , for all the operators O k ψ , and that the couplings among the resonances can be described in terms of a single parameter 1 < g ρ 4π. We find it useful to define the scale f = m ρ /g ρ . Since EW precision tests require v/f 0.3 − 0.5 [27] , we will assume this bound on f to be satisfied in the rest of the paper.
We assume that the energy dependence of the couplings ω y ψ and ω ψ is driven by the dimension of the corresponding operators. Up to corrections O(1), at the scale m ρ the linear and bilinear couplings can be approximated by:
As usual in composite Higgs models, for large separation of scales and ∆ H significantly larger than 1, y is strongly suppressed, in such a way that the Yukawa coupling can not account for the mass of the top, however it can give a significant contribution to the mass of the light quarks. The coupling λ ψ is responsible for partial compositeness of the SM quarks. Taking ∆ ψ near 5/2 for q 3 L and u 3 R , the top becomes significantly composite, and an O(1) Yukawa can be generated through this mechanism even for a large separation of scales. On the other hand, for the Right-handed bottom, as well as for the quarks of the first and second generation, ∆ ψ will be taken flavor dependent and larger than 5/2, leading to hierarchical mixings.
To proceed with the analysis, we find it convenient to rotate to the basis where λ ψ are diagonal [28] :
where U ψ rotates the elementary fermions and U O ψ the composite operators. If the dimensions ∆ k ψ differ for different generations, the eigenvalues of λ ψ are hierarchical:
On the other hand, for anarchic ω all the coefficients of the matrix U ψ are of the same order. Since to leading order the evolution of the bilinear coupling is driven by ∆ H , in the new basis the matrix of Yukawa couplings y ψ is also anarchic. In the following we will work in this basis.
At energies below m ρ the fermionic states can be integrated-out, generating the following effective Yukawa couplings for the elementary fermions
with c jk ψ ∼ O(1) anarchic coefficients, arising from the Yukawa couplings of the composite states. The first term is the usual coupling of theories of Technicolor and the second one is the Yukawa generated in partial compositeness.
In the next sections we will sometimes use λ L and λ R for the mixing of the Left-and Righthanded fermions, such that for quarks λ L = λ q and λ R = λ u , λ d , whereas for the leptons λ L = λ ℓ and λ R = λ e . Generation indices will be added whenever necessary.
Quark masses and mixing angles
The masses and mixing of the SM quarks are obtained by bi-unitary diagonalization of Y , defined in Eq. (5). We will consider the situation in which the bilinear coupling at the scale m ρ is of the same order as the Yukawa couplings of the SM fermions of the first generation:
thus y jk ψ ∼ MeV/v. Notice that once the value of the Yukawa coupling at certain scale is fixed, Eq. (3) gives a relation between ∆ H and Λ U V,H .
We will consider the case of large dimensions ∆ , and in our calculations we will take: λ
neglecting, as a leading order approximation, the linear mixing of the Right-handed quarks of the first generation.
Since y ψ is too small to generate the masses of the fermions of the second and third generation, those masses must be generated by partial compositeness. Using Eqs. (6) and (7) in (5), the resulting Yukawa matrix can be approximated by:
where we have not shown factors of O (1), and where we have neglected y jk compared with λ j q λ k ψ /g ρ for k = 2, 3. The CKM matrix of EW charged interactions can be obtained by taking λ j q as in the case of anarchic partial compositeness:
where λ C ≃ 0.22 is the Cabibbo angle. The SM quark masses can be reproduce if Eq. (6) and the following relations are satisfied:
As usual in partial compositeness, the top mass requires a large degree of compositeness of both chiralities.
Using Eqs. (6), (7), (9) and (10) in (5), it is straightforward to check that there is one eigenvalue of order y ψ , reproducing the masses of the fermions of the first generation, and two eigenvalues of order 
Leptons
For the charged leptons we will consider a scenario similar to the quarks, with linear and bilinear interactions for doublets ℓ j L and singlets e j R . The size of y e is controlled by the running of ω y e , Eq. (3), as in the sector of quarks. The scale Λ U V,ψ for leptons will be taken equal to the scale for quarks. The Yukawa coupling of the charged leptons can be obtained from Eq. (5), taking ψ = e and changing q by ℓ. Following Eq. (6), the bilinear interactions give a contribution to the mass of the charged leptons of order MeV, and thus are able to account for the mass of the electron, whereas the masses of the muon and tau require partial compositeness. We will consider the case of large dimensions ∆ 2 ≪ y e g ρ , and in practice we will take:
neglecting the linear mixing of the Left and Right-handed electron.
For the second and third generations we choose hierarchical couplings of same size for both chiralities [29] :
With this choice of parameters the unitary matrices that diagonalize Y e have small mixing angles, and the PMNS matrix is approximately determined by the unitary matrix diagonalizing the neutrino sector.
For the neutrinos we will follow the proposal of Refs. [21] and [28, 24] , where neutrino masses are generated by a bilinear operator involving the Left-handed leptons only, the neutrinos being Majorana fermions. We add to Eqs. (1) and (2) the dimension five Weinberg operator:
where O ′ H 2 is the lowest dimensional operator of the SCFT that is a triplet of SU (2) L with hypercharge Y = 1, and ω y ν (Λ U V,H ) is an anarchic coupling. At low energies, Eq. (13) generates masses and mixings for the neutrinos. Up to corrections O(1), the coupling at the energy scale m ρ is:
such that for ∆ ′ H 2 > 2 and Λ U V,H ≫ m ρ small neutrinos masses can be naturally obtained: For anarchic Yukawa all the neutrino masses are naturally of the same order and the mixing angles are O(1). Therefore the large mixing angles of the PMNS matrix can be generated by Eq. (13).
Flavor and CP violation
We study in this section the main sources of flavor and CP violation when linear and bilinear couplings are present. The Wilson coefficients of the corresponding operators have a contribution arising from partial compositeness, that have been extensively studied in the literature [8, 9, 30] , and there are new contributions induced by the bilinear interactions. For the choice of parameters of Eqs. (6), (7) and (11), processes involving Right-handed quarks of the first generation, as well as electrons, require insertions of the bilinear interactions, therefore the corresponding Wilson coefficients are dominated by contributions that have a different structure compared with partial compositeness. We study the bounds arising from these processes and compare them with the predictions of anarchic partial compositeness. We also briefly comment which are the most stringent bounds in this scenario.
We stress that we do not attempt to make a complete analysis of flavor in composite Higgs models. Instead we consider the largest flavor violating effects.
We will consider the flavor and CP violating operators contained in the following Lagrangian:
where a, b, . . . collect flavor and generation indices, we will sometimes use these indices to denote generations: a = 1, 2, 3, and when necessary we will use them to denote flavor and chirality:
. . The operators in Eq. (15) are given by:
After EWSB we find it useful to define the operators:
where the corrections to the Z-interactions arise from penguin operators by putting the Higgs to its vacuum expectation value.
In the presence of linear and bilinear interactions, the Wilson coefficients of the operators (18), (19) and (20) , expanding to second order in λ and y, can be estimated as:
where we have assumed that the dipole operators are effects of order 1-loop and we have specified the chirality of the Z coupling. We have not specified the indices L or R of the factors λ in Eq. (23) because they depend on the values of the superindices of C abcd 4f . In the Appendices A and B we compute the predictions for these Wilson coefficients in two effective models of composite Higgs, and we show that they are in agreement with the estimates of Eqs. (21) and (22) , to zeroth order in y there are only insertions of λ, thus (λ 2 ) ab = λ a λ b , whereas in the structure of O(y) one of the indices arises from λ and the other from y, for example: (yλ 2 ) ab = λ a y bc λ c + . . . , where c runs over generations and the dots stand for permutations of indices satisfying the aforementioned conditions. Since y is anarchic, the size of y bc is independent of the value of the indices, on the other hand, being λ hierarchical, λ c is dominated by the third generation, c = 3. For the terms quadratic in y,
. . , with c, d running over generations, such that the flavor indices of the Wilson coefficients can be associated to two Yukawa couplings or to one index of the Yukawa and one of λ. Similar considerations apply to Eq. (23), to zeroth order in y each index of C 4f is associated to the index of one λ. To O(y), one index of C 4f is associated to one index of y, and the other three indices to three factors of λ, leaving free a fourth factor of λ that is dominated by the third generation, with a chirality that accounts for the chiral flip induced by the insertion of y. To O(y 2 ), the indices of C 4f can be associated to two Yukawa couplings and two factors of λ, or to one index of the Yukawa and three factors of λ, leaving free two or one factor of λ, respectively. The chirality of these factors account for the chiral flips induced by the insertions of y.
In partial compositeness y = 0 and only the first term of Eqs. (21)- (23) is present. The effect of the bilinear interactions becomes relevant if λ L and/or λ R are very small, in which case the terms of order y or y 2 can dominate. In our approach, these effects are relevant only for operators with u R , d R , e R and e L , since for these fermions we consider λ = 0. Thus the Wilson coefficients of the operators involving these fermions differ from the case of anarchic partial compositeness. We find that, for quarks, the terms of O(y) dominate over the terms of O(y 2 ). For the leptons, in operators involving e L and e R , as electromagnetic dipole moment (EDM), the terms of O(y) are very small and those of O(y 2 ) dominate.
The operators of Eqs. (16)- (18) can also be generated at the scale Λ U V,H , with Wilson coefficients:
We take the dimensionless couplings ω, at the scale Λ U V,H , anarchic and of size 1 ω(Λ U V,H ) 4π. At the low energy scale m ρ , these couplings can be approximated by:
In order to estimate the size of these contributions we assume ω(
TeV. Using this bound and Eq. (6), we obtain: ∆ H 2.1. Taking these bounds for Λ U V,H and ∆ H , the contributions to flavor and CP violating observables from Eq. (24) can be safely neglected. We will assume this to be the case in the rest of the paper.
Dangerous ∆F = 2 operators can also be generated by tree-level Higgs exchange. These corrections are suppressed if the Higgs is a pNGB and the fermions transform under suitable representations of the global symmetry of the strong sector [31, 32] , for that reason we will not consider them in our analysis. In Ap. B we show an effective model where the conditions for the alignment are realized.
Quarks
We consider the effects of flavor and CP violation in the quark sector. We define:
As we will show, the Wilson coefficients contain a suppression factor δ q , compared with partial compositeness, for each factor u R or d R present in the corresponding operator, although in some cases extra suppression factors can also be present (see Eq. (32)). These suppression factors change the main bounds on f and m ρ , as those arising from the neutron dipole moments and ǫ K , allowing f and m ρ even somewhat below the TeV for these processes.
Dipole operators
We consider dipole operators involving a Right-handed quark of the first generation, neglecting λ
Using Eqs. (6), (9) and (10) one can check that the term of O(y) dominates over the term of O(y 2 ). Using these equations, and comparing with the case of anarchic partial compositeness, we obtain:
The ∆F = 0 dipole operator of the down quark of the first generation is strongly constrained by the neutron EDM [33] . In anarchic partial compositeness one obtains a bound f 5 TeV [28] . Eq. (28) 
Trading factors of λ and y by masses and CKM mixing angles, Eqs. (6), (9) and (10), one can check that the term of O(y 2 ) is suppressed compared with the one of O(y). By comparing with the case of anarchic partial compositeness:
The most important bound on this class of operators aises from s − d transitions, that are strongly constrained by the decay K L → µ + µ − [35] .
Four fermion operators
The largest source of ∆F = 2 flavor violation arises from mixed-chirality four fermion operators. Considering operators with one power of u R or d R , and taking λ 1 R very small, we obtain:
Using Eqs. (6), (9) and (10), one can check that the term of O(y 2 ) is suppressed compared with the one of O(y). By comparing with the case of anarchic partial compositeness:
The most important bounds on ∆F = 2 operators arise from the
, leading to m ρ 10 TeV in anarchic partial compositeness [8] . Eq. (32) relaxes this bound by a factor δ q v/f . Other four fermion operators involving u R or d R have less stringent bounds.
Bounds from partial compositeness
As discussed in this section, the bounds from flavor violating operators involving u R or d R allow f and m ρ lighter than 1 TeV. However, since the Wilson coefficients of operators that do not involve these quarks are dominated by partial compositeness, the bounds arising from these operators are not relaxed in our scenario, compared with models of anarchic partial compositeness. Following Refs. [30, 28] , the main bounds arise from the ∆F = 2 operators , that give a bound: f 1.2 TeV. Thus in the present scenario these bounds do not change compared with anarchic partial compositeness, and they are the most stringent ones.
There are other operators that can give stringent bounds, as Q sd Z L , however discrete symmetries can protect the Z couplings relaxing the bounds from this operator [36] .
Leptons
We consider the effects of flavor and CP violation in the lepton sector, realized as discussed in sec. 2.2. We define:
The Wilson coefficient of operators involving leptons are suppressed by one power of δ ℓ for each power of the electron field, either e L or e R , compared with anarchic partial compositeness. As we will show, due to this suppression the most important problems from flavor and CP violation in the lepton sector can be alleviated, such that m ρ ∼ TeV is compatible with the bounds.
Dipole operators
For the ∆F = 0 dipole operator of the electron we obtain:
with two powers of δ ℓ due to the presence of e L and e R in the operator.
The electron EDM gives very strong constraints on the Wilson coefficient C ee d [33] . In anarchic partial compositeness: f 38 TeV [28] . Eq. (34) relaxes this bound by a factor δ l .
For ∆F = 1 dipole operators involving the first and second generations of charged leptons, µ → eγ, we obtain:
In this case just one power of δ ℓ is present since the operator involves only one of the chiralities of the electron, either e L or e R . The same suppression factor is present for τ → eγ, under the assumptions of sec. 2.2.
is strongly constrained by µ → eγ [33] . The bound f 25 TeV is obtained in anarchic partial compositeness, whereas Eq. (35) relaxes this bound by a factor √ δ l ∼ 10 −2 / √ g ρ .
∆F = 1 penguin operators
For the flavor violating Z-interactions we obtain:
the same suppression factor is present for the τ − e coupling.
C µe Z contributes to µ − e conversion in nuclei [30] . In anarchic partial compositeness the bound is m ρ 2 √ g ρ TeV, Eq. (36) relaxes this bound by a factor √ δ l .
Conclusions
We have considered a theory of composite Higgs with anarchic flavor, taking the SM fermions as elementary fields external to the strongly interacting sector. We have introduced linear and bilinear interactions at a UV scale much larger than the scale of resonances, that has been taken as m ρ ∼ few TeV. We have considered the case in which, under some suitable assumptions for the energy evolution of the couplings, the interplay of both interactions can generate the hierarchy of fermion masses and the pattern of mixing angles in the sector of quarks and leptons.
In particular, we have studied the case where the masses of the fermions of the first generation, being all of the same order, are dominated by bilinear interactions, whereas the masses of the fermions of the second and third generations are dominated by partial compositeness. In the sector of quarks, this scenario can be realized if, at the scale m ρ , the bilinear coupling is of order y SM u,d and the linear interactions of u R and d R are very small. On the other hand, a nonvanishing Cabibbo angle requires non-vanishing linear interaction of (u L , d L ). For the leptons, if the neutrinos are Majorana particles, neutrino masses can be generated by the dimension five Weinberg operator with an anarchic coupling at high energy scales, naturally leading to large mixing angles and neutrino masses of the same order. Being this the case, the linear interactions of e L and e R can be taken very small at the scale m ρ , and the electron mass is generated by the bilinear interaction. Considering hierarchical linear interactions for both chiralities of µ and τ , the diagonalization matrices of the charged leptons have small mixing angles.
We have presented the contributions to the main flavor violating operators from the linear and the bilinear interactions. We have shown that, in the scenario described in the previous paragraph, some of the most stringent bounds can be relaxed, as those arising from the neutron dipole moments, those from chiral-mixed operators in the system K 0 −K 0 , the electron EDM and µ − e processes. In anarchic partial compositeness, these processes require m ρ and f larger than ∼ 10 and ∼ 5 TeV, respectively, in the quark sector, and f 20 − 40 TeV in the lepton sector. In the scenario proposed in this paper, these bounds are compatibles with m ρ and f below the TeV.
Flavor and CP violating processes that do not involve u R or d R , do not change compared with the usual anarchic partial compositeness. Some of these processes provide the most stringent bounds in the model proposed, pushing the scales m ρ and f to ∼ 6 − 7 and ∼ 1 TeV, respectively [30, 28] . In our scenario, effects of flavor violation should be observed first in processes involving the operatorss
, with i > j. These operators give contributions to the Kaon and B-meson systems, as well as K → 2π.
The phenomenology of the model at colliders is similar to the case of anarchic partial compositeness. The most important difference is that resonances associated to Right-handed fermions of the first generation, as well as the Left-handed electron, having tiny mixing with these fermions, will be difficult to excite.
Although in the present model the bounds on m ρ from flavor violation are alleviated compared with anarchic partial compositeness, the flavor violating operators mentioned above require m ρ 6 − 7 TeV. This bound introduces some tension with naturalness, that requires m ρ and f around the TeV, and puts the resonances out of reach of direct production at the LHC. Finding a way to suppress the contributions to those operators would relax this tension.
A A minimal model
An explicit calculation of the Wilson coefficients of the operators of Eqs. (16)- (20) can be done by considering an effective description of the SCFT. In this section we consider a theory with two sites: one site called elementary and containing the same fields and interactions as the SM, except for the Higgs field, and another site containing the Higgs and the first level of resonances of the composite sector [37] . Spin 1 resonances can be obtained by gauging a symmetry in the second site, for simplicity we consider an SU(3) c ×SU(2) L ×U(1) Y group, custodial symmetry can be included straightforwardly. Fermionic resonances can be described by adding Dirac fermions in the second site, we add one vector-like fermion for each SM quark and we assign them to the same representations as the SM fermions. Both sites are connected by non-linear sigma model fields that parametrize the breaking of the elementary and composite symmetries to the diagonal subgroup, providing masses to the gauge fields associated to the broken generators, and leaving a set of massless vector fields associated to the unbroken generators. The non-linear sigma model fields allow to introduce the usual linear interactions between the elementary and composite fermions. We also add Yukawa interactions bilinear in the elementary fermions, as well as Yukawa interactions bilinear in the composite fermions. The couplings of the composite sector, collectively called g ρ , are assumed to be larger than the couplings of the elementary one but in the perturbative regime: g el ≪ g ρ ≪ 4π. The SM gauge couplings are given by: g
el . We will use small letters to denote the elementary fields and capital letters to denote the composite ones. Below we discuss the sector of quarks, for the leptons we will not show the calculations, but the results presented in the previous sections have been obtained by following the same strategy.
The Lagrangian can be written as:
where L el is the Lagrangian of the elementary sector, containing the kinetic terms of the gauge and fermion fields of the first site, that coincide with the corresponding terms of the SM. L mix contains the terms mixing both sites and L cp the terms of the second site.
L cp contains the following terms:
and D denote the multiplets of fermionic resonances, with generation indices being implicit. We have shown the terms involving fields of the down-sector only, the extension to the up-sector is straightforward once an SU(2) L singlet U is added. Leptons can also be included by adding vector-like fermions with the same quantum numbers as the SM fermions. As discussed before, there are also kinetic terms for the gauge fields of the second site, as well as kinetic terms and a potential for the Higgs.
By working in the gauge where the non-linear sigma model fields are removed:
The fields a µ and A µ denote the gauge fields of the elementary and composite gauge groups, respectively. Also in this case it is straightforward to complete the up-sector, that is not shown for simplicity.
Since g ρ ≫ g el , the massive spin one states are mostly composite. In the limit of vanishing elementary couplings, these states are fully composite, with mass:
As discussed in sec. 2, we choose a basis where λ is diagonal, whereas the Yukawa couplings y and y ρ , as well as the masses of the composite fermions: m Q and m D , are anarchic. 4 These masses are assumed to be of order m ρ , and the Yukawa couplings of the composite site are taken as: y ρ ,ŷ ρ ∼ g ρ .
In the basis:
, the mass matrix is given by:
and the corresponding Yukawa by:
A.1 Mass basis
To obtain the Wilson coefficients (21)- (23) we rotate to the mass basis. We consider first the case of one generation and compute the lightest eigenvalue of the mass matrix and the corresponding eigenvectors. To O v f , the lightest mass and eigenvectors are:
In the scenario proposed in sec. 2, for the first generation the first term in the numerator of Eq. (41) dominates, leading to m d ∼ yv/ √ 2, whereas for the other generations the second term dominates:
, with j = s, b. For these estimates we have used:
In the following we will use a hat for the matrices in the basis of mass eigenstates, we will order this basis by increasing mass eigenvalue, with n = 1 for the lightest sate that is associated with the SM down-type quarks, and n > 1 for the heavier beyond the SM states. We will use subindices for the matrix elements of the operators in this basis.
A.2 Flavor and CP violation
In this section we compute the Wilson coefficients (21)- (23) with just one flavor. We will only show the results for the down-type fermions of the model, the results for the up sector and charged leptons are very similar and can be computed straightforwardly.
We start with C d , we estimate its size by computing the 1-loop contribution with the physical Higgs running in the loop, Fig. 1 . Following Ref. [38] , the main contribution is proportional to
withŶ ℓn the Yukawa coupling in the mass basis, and where we have assumed that m (n) ≫ m h . A simple algebraic manipulation allows to simplify the calculation by noticing that the following equation requires just the eigenvalue and eigenvectors of the lightest mode of the mass matrix
where U L,R are the rotation matrices that diagonalize M.
R , it is not necessary to perform the full diagonalization, that requires the calculation of all the eigenvalues and eigenvectors of M. By using Eqs. (40)- (43) in (45), we obtain:
that is in agreement with the estimate of Eq. (21).
C Z can be obtained by computing the matrices of Z-couplings: G Z L,R , in the original basis, and then projecting them with the eigenvectors of the lightest modes. Subtracting the SM term and expanding in powers of λ and y we obtain:
in agreement with the estimate of Eq. (22) . 
where we have expanded to second order in powers of λ and v/f . Matching C 4f = (ĝ) 
B MCHM
In this section we will consider the case in which the Higgs is a pNGB generated by the spontaneous breaking of a global symmetry of the SCFT. We will study the scenario with global symmetry SO(5)×U(1) X , with the Higgs arising from SO(5)/SO(4), known as the Minimal Composite Higgs Model (MCHM) [26] . An SU(2) L ×U(1) Y subgroup is gauged by the EW fields of the SM. The SCFT also has a global SU (3) , that is gauged by the color interactions of QCD. As described in sec. 2, the SM fermions are taken as elementary fields. We will consider an effective description of the SCFT in which we will only include one level of fermionic resonances. We will assume that there are three generations of composite fermions. As mentioned in sec. 3, we will choose SO(5) representations for fermions where, to leading order, the Yukawa coupling is aligned with the mass for the would be zero modes corresponding to the SM fermions [31] . Interestingly, this scenario contains a new flavor structure, the d-term associated to the NambuGoldstone boson (NGB) nature of the Higgs, that provides new sources of flavor violation compared with the minimal model of Ap. A.
The Higgs is described by the field Π = ΠâTâ, with Tâ the broken generators of SO (5), a = 1, . . . 4. The fundamental object to build the effective theory is the NGB matrix
By following the standard Callan-Coleman-Wess-Zumino procedure, one can build the operators d µ and e µ , defined by:
a being the unbroken generators and D µ the usual covariant derivative.
The composite fermions are assumed to transform with linear irreducible representations of the unbroken group SO(4), and with non-linear representations of SO(5). We will use capital letters to label SO(5) representations and small letters for SO(4) representations, such that a given R of SO (5) decomposes under SO(4) as: R ∼ ⊕ j r j . To leading order the effective Lagrangian of the composite sector is
The first line contains the kinetic term of the NGB fields and fermions, flavor and generation indices are understood. The first term of the second line contains interactions between the NGB and composite fermions in different representations of SO(4). The coupling c rs can distinguish chiralities, we will allow different couplings for the Left-and Right-handed fermions in our analysis. The 4-fermion interactions can be generated, for example, by exchange of resonances. Γ is a generic matrix, in Dirac and color space, that depends on the quantum numbers of the resonance exchanged. Particularly interesting is the case of Γ = γ µ P L,R T α , with T α the color generators, that, after integration of the fermionic resonances, contributes to the Wilson coefficient C 4 of the mixed chirality four-fermion operator.
The size of the coefficients of L cp can be estimated by using suitable power-counting rules [39, 40, 27] , leading to c rs , C rs andC rs of O(1). Anarchy of the SCFT implies that all the elements of the matrices m r , c rs , C rs andC rs , in flavor space, are of the same order.
Although we have not included vector resonances in L cp , they can be added. In the case of an effective description in a two-site model, this can be done by gauging the global symmetries of the second site, as in Ap. A [41, 42, 43, 28] . In the low energy theory these resonances can be integrated-out, giving contributions similar to those of Eq. (53).
The Lagrangian of the elementary sector, L el , contains the usual kinetic terms for fermions and gauge bosons. As usually done in the literature [26] , we find it useful to add spurious degrees of freedom in the elementary sector to embed the corresponding fields into irreducible representations of SO(5). We will call the SO(5) representations of the elementary quarks R q , R u and R d , choosing the same representations for the three generations. These representations can be decomposed in irreducible representations of SO(4), we will call r q the SO(4) representation of R q that contains the SM doublet q L , and r u,d the ones containing the singlets. Similarly, the elementary gauge fields will be embedded into the adjoint representation of SO (5)
Besides L cp and L el , there is also a mixing Lagrangian given by:
where we have not included the terms corresponding to the up-sector for simplicity, but it is straightforward to add them. r is any irreducible representation of SO(4) contained in R q or R d . φ r is the projection of φ, that transforms with an irreducible representation of SO (5), into r. The product of two representations r is projected into the SO(4) singlet.
The interactions between the elementary and composite sectors explicitly break the SO(5) global symmetry, inducing a potential for Π at loop-level. This potential can misalign the vacuum and trigger EWSB. A general vacuum can be characterized by the variable ǫ = sin(v/f ), with v = h and h = Π4 being the physical Higgs [26] .
B.1 MCHM 5
As an example we consider the down sector of the MCHM 5 , we embed q L and d R in the same representation:
. In this case: r q = (2, 2) and r d = (1, 1) . For the composite fermions we consider: Ψ 4 ∼ (2, 2) −1/3 and Ψ 1 ∼ (1, 1) −1/3 :
where U and V have electric charge 2/3 and −4/3, respectively, whereas the other states have Q = −1/3. The charges of the down-type resonances under SU(2) L and SU(2) R , in units of 1/2, are:
A description of the up-sector requires the presence of new fermionic resonances, for example a Ψ ′ 4 ∼ (2, 2) 2/3 and Ψ ′ 1 ∼ (1, 1) 2/3 . It is straightforward to include these states in the model, for simplicity we will not consider them in the analysis of this section. Similarly, leptons can be included by choosing appropriate representations, as R ℓ = R e = 5 −1 , with r ℓ = (2, 2) and r e = (1, 1) , and the addition of Ψ ℓ 4 ∼ (2, 2) −1 and Ψ e 1 ∼ (1, 1) −1 . In this case the sector of charged leptons is similar to the sector of down-type quarks. The mass matrix, its eigenvectors and eigenvalues can be obtained from the ones of the down-type quark, by changing q → ℓ and d → e. The matrices of couplings with the gauge bosons can be computed straightforwardly.
B.2 Interactions and mass basis
Similarly to Ap. A, to estimate the size of the Wilson coefficients, we find it useful to work in the mass basis. We consider first the case of one generation and compute the lightest eigenvalue and eigenvectors of the mass matrix. In the basis
, the mass matrix of the down-sector is given by:
For the calculation of different Wilson coefficients, the couplings with the Higgs and the EW gauge bosons are required:
where Y =
∂M ∂v
, whereas G ∂h and G Z are the matrices of couplings with the derivative of the Higgs and with the Z, respectively. In the interaction basis:
As in the previous example, we will use a hat for the matrices in the basis of mass eigenstates: Y ,Ĝ ∂h ,Ĝ Z .
We have diagonalized the down-sector performing a perturbative expansion in powers of v/f , to O(v 3 /f 3 ), below we show our results to O(v/f ), it is also straightforward to diagonalize the system expanding in powers of ǫ. The lightest mass and eigenvectors are:
As expected there are two contributions to the mass, one from the bilinear coupling, of order ∼ v(y d1 − y d4 )/ √ 2 and another one involving the linear mixing of order ∼ v(λ q4 λ d4 − λ q1 λ d1 )/(g ρ √ 2). As in the case of the non-NGB Higgs, by taking d R elementary, that corresponds to λ
1,4 d
→ 0 for the first generation, the down quark mass is generated by the bilinear interaction. For the second and third generations partial compositeness dominates.
B.3 Flavor and CP violation
As for the minimal model, in this section we show the Wilson coefficients (21)-(23) with just one flavor and for the down-type fermions. The up sector and charged leptons can be analysed doing similar calculations, for the later an expansion to second order in y r is required in some cases.
Let us start with the dipole operators. There are new contributions to C d in this model, compared with the minimal one: the d-term gives new Feynman diagrams at one loop. For our calculation we follow Ref. [44] . In Fig. 1 m ψ ≫ m q,Z,h , the results are simplified as:
By simple algebraic manipulations these equations can be computed in the interaction basis, and then projected to the lightest state by using the eigenvectors, as in the minimal model of Ap. A. Expanding to second order in λ and y r :
